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Summary
Phagocytic cells, such as neutrophils and macro-
phages, perform a critical role in protecting organisms
from infection by engulfing and destroying invading
microbes [1]. Although some bacteria and fungi have
evolved strategies to survive within a phagocyte after
uptake, most of these pathogens must eventually kill
the host cell if they are to escape and infect other
tissues [2, 3]. However, we now demonstrate that the
human fungal pathogen Cryptococcus neoformans is
able to escape from within macrophages without kill-
ing the host cell by a novel expulsive mechanism. This
process occurs in both murine J774 cells and primary
human macrophages. It is extremely rapid and yet can
occur many hours after phagocytosis of the pathogen.
Expulsion occurs independently of the initial route of
phagocytic uptake and does not require phagosome
maturation [4, 5]. After the expulsive event, both the
host macrophage and the expelled C. neoformans
appear morphologically normal and continue to prolif-
erate, suggesting that this process may represent an
important mechanism by which pathogens are able to
escape from phagocytic cells without triggering host
cell death and thus inflammation [6].
Results and Discussion
The facultative pathogenic yeast Cryptococcus neofor-
mans is the causative agent of cryptococcosis, a fatal
infection of immunocompromised patients. After inhala-
tion, C. neoformans first establishes an infection in the
lung but then rapidly spreads to the central nervous sys-
tem and causes a meningoencephalitis that is fatal
unless rapidly treated [7]. The mechanism by which
C. neoformans is able to spread to the brain is currently
unknown, but there has been much speculation that this
may occur by a so-called ‘‘Trojan horse’’ mechanism [8].
This model proposes that cryptococci are engulfed by
phagocytic cells at an early stage of infection and then
*Correspondence: r.c.may@bham.ac.uktrafficked by these host cells into distal tissues without
being exposed to the full onslaught of the immune sys-
tem. This hypothesis has received strong support with
the discovery that C. neoformans can be isolated from
circulating monocytes in infected mice [9] and from the
observation that C. neoformans can proliferate inside
the phagosome of macrophages in vitro [10–12]; this
proliferation leads to lysis of the phagosomal membrane
and eventually death of the host macrophage [12].
However, we now show that live C. neoformans cells
can also escape from within macrophages via a mecha-
nism that does not result in host cell death. This expul-
sive process may play an important role in the dissemina-
tion of C. neoformans, and potentially other pathogens,
in infected individuals.
We observed cryptococcal expulsion in both cultured
J774 cells (a murine macrophage line derived from
a reticulosarcoma; Table 1 and see also Movie S1 in
the Supplemental Data available with this article online)
and human primary macrophage cells (Table 2 and
Movie S2). It appears to occur when a mature phago-
some containing one or more C. neoformans cells fuses
with the plasma membrane and thus releases the yeast
cell(s) into the extracellular medium (Figure 1 and
Movies S1 and S2). Neither the host macrophage nor
the C. neoformans cell is killed by this event, and both
appear morphologically normal for the duration of the
experiment thereafter (several hours). Indeed, in several
cases, we were clearly able to observe C. neoformans
cells that had been expelled subsequently undergo rep-
lication (See Movie S1 for an example); such findings
demonstrate that the yeast cells were alive when ejected
by the macrophage.
Cryptococcal expulsion appears to occur indepen-
dently of the initial route of phagocytic uptake because
both antibody or serum opsonized and nonopsonized
yeast cells were capable of being expelled (Tables 1
and 2). However, we never observed expulsion of dead
(heat-killed)C. neoformans cells nor of inert latex beads,
suggesting that this process requires the presence of
a live organism within the phagosome (Table 1).
Based on our observations, cryptococcal expulsion is
a relatively rare event in cultured J774 cells. The majority
of phagocytosed C. neoformans either proliferate or
remain latent within the host macrophage rather than
become ejected (Table 1). This probably explains why
previous studies (e.g., [12] and [13]) have not reported
it. Interestingly, however, the rate of expulsion in human
primary macrophages is significantly (p < 0.001) higher
than that in J774 cells, although the time distribution
(Figure 2) does not differ between the two cell types
(p > 0.2). This rate is particularly remarkable in light of
the fact that our results are likely to underestimate the
true frequency of this process because events that
occur outside of the filming time (10 hr) will remain un-
detected in our experimental setup.
Previous studies have demonstrated that C. neofor-
mans is well adapted to survive within the acidic
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Target Particles
Number of
Cells Observed
Macrophages with
Internalized CN
Intracellular CN
Undergoing Proliferation
Occurrences
of Expulsion
mAb 18B7 opsonized CN 603 134 (22.2%) 63 (47.0%) 13 (9.7%)
Nonopsonized CN 903 45 (5.0%) 28 (62.2%) 3 (6.7%)
Latex beads (3 mm) 336 157 (46.7%) N/A 0
Latex beads (12 mm) 299 97 (32.4%) N/A 0
Heat-killed CN with mAb 18B7 277 80 (28.8%) N/A 0
The rate of intracellular proliferation and cryptococcal expulsion recorded for five different particle types with J774 cells. Note that the phago-
cytosis of nonopsonized C. neoformans is extremely inefficient because of the antiphagocytic effects of the cryptococcal capsule [21], resulting
in a lower number of macrophages with intracellular yeast cells. CN, C. neoformans; N/A, not applicable; and mAb, monoclonal antibody.environment of the phagosome and, unlike other many
other pathogens, it does not inhibit phagolysosomal fu-
sion [14]. We therefore wondered whether cryptococcal
expulsion might occur only after maturation of the phag-
osome.
We blocked phagosome maturation by using both
100 nM concanamycin (a V-ATPase inhibitor that inhibits
acidification of phagosome [15], maintaining it at a pH of
approximately 7.5 [4]) and 10 mM chloroquine (a weak
base that accumulates within the phagosome by ion
trapping and raises the pH to approximately 6.5 when
used at this concentration [16]). We found that crypto-
coccal expulsion was not blocked in the presence of
either drug, suggesting that this process is not depen-
dent on phagosome maturation. Interestingly, the rate
of expulsion appears to be enhanced by the presence
of 10 mM chloroquine (Table 2). It is possible that this
effect may explain Levitz and his colleagues’ earlier find-
ing that this concentration of chloroquine suppresses in-
tracellular growth ofC. neoformans to a level that cannot
be explained simply by its ability to inhibit phagosome
acidification [4, 5].
The molecular mechanism that drives cryptococcal
expulsion remains to be elucidated. Given the speed
with which expulsion occurs, we considered a possible
role for the actin cytoskeleton in providing the required
force. To test this, we exposed J774 macrophages to cy-
tochalasin D, a drug that blocks barbed-end growth of
actin filaments. Interestingly, we continued to observe
Table 2. Cryptococcal Expulsion in Drug-Treated J774 and
Primary Macrophages
Cell Type/Treatment
Number
of Cells
Observed
Macrophages
with
Internalized CN
Occurrences
of
Expulsion
J774 untreated
(data from Table 1)
603 134 (22.2%) 13 (9.7%)
J774 treated with
Concanamycin A
(100 nM)
449 90 (20.0%) 3 (3.3%)
J774 treated with
Chloroquine (10 mM)
408 68 (16.7%) 14 (20.6%)
Primary human
macrophages
661 177 (26.8%) 47 (26.6%)
The rate of particle expulsion recorded for J774 cells after treatment
to block phagosome maturation and for primary human macro-
phages. CN, C. neoformans; N/A, not applicable; and mAb, mono-
clonal antibody. Each value represents the total number of recorded
events from three or more independent time-lapse experiments.cryptococcal expulsion even at concentrations of up
to 10 mM of cytochalasin D (Movies S3 and S4), suggest-
ing that actin-filament polymerization is not strictly re-
quired for this process. However, because expulsion is
an infrequent event, we cannot rule out the possibility
that a low level of actin polymerization is still occurring
in the few cells that show this effect in the presence of
cytochalasin D.
Currently, we do not know whether this process is
unique to C. neoformans or whether it is a more wide-
spread cellular phenomenon. Some bacteria and fungi
have evolved strategies to survive within a phagocyte
after uptake, but most of them must eventually kill the
host cell if they are to escape and infect other tissues
[2, 3]. Cryptococcal expulsion is thus unique in repre-
senting a nondestructive mechanism by which patho-
gens can reemerge from infected host cells. We suggest
that the high incidence of cryptococcal expulsion in pri-
mary macrophage cells may have significant clinical im-
plications because it represents a mechanism by which
C. neoformans may be trafficked between tissues with-
out triggering the localized inflammation that would oc-
cur if the host phagocyte was lysed [6]. In addition, it is
possible that expulsion may also occur in cells other
than macrophages, making this a plausible mechanism
by whichC. neoformansmay be released into the central
nervous system after being phagocytosed by endothe-
lial cells of the blood-brain barrier [17].
It is interesting to note that the phagocytic amoeba
Dictyostelium discoideum has been observed to expel
the remains of digested yeast cells in a process that is
morphologically similar to cryptococcal expulsion [18].
The fact that we do not observe the expulsion of heat-
killed C. neoformans or of inert latex beads (Table 1)
would argue against this process being a general mech-
anism for the expulsion of indigestible particles, al-
though it is possible that such particles are expelled
with a lower efficiency (and thus not detectable by our
experimental setup). In addition, some retroviruses
appear to be expelled from their host cell in vesicles
termed ‘‘viral exosomes’’ [19]. Although these vesicles
are one to two orders of magnitude smaller than the ‘‘ex-
pulsive phagosomes’’ observed in our system, it is pos-
sible that expulsion ofC. neoformansoccurs by a related
mechanism and thus represents a previously unrecog-
nized form of exocytosis. Nonetheless, to the best of
our knowledge, this is the first report of such an expul-
sive process in a vertebrate phagocyte and the first
demonstration that live pathogens can be expelled
from phagocytic cells.
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The internalized Cryptococcus neoformans (marked by a large arrow) is initially contained within a ‘‘tight’’ (phase-dark) phagosome. Two hours
later, the phagosome begins to swell—the yeast cell is surrounded by a phase-bright region between the cell wall and the phagosome
membrane; this region is believed to contain secreted capsular polysaccharide [12]. By 6 hr into the time series, the phagosome has grown
dramatically; note that the C. neoformans cell is proliferating and a small daughter bud (marked by a small arrow) is clearly detectable. The
C. neoformans containing phagosome suddenly fuses with the plasma membrane 400 min after the onset of filming. The phase-bright material
is released and, 2 min later, the yeast cell is clearly outside of the host macrophage. Importantly, both the macrophage and the yeast cell are still
alive 3 hr later, by which time the C. neoformans daughter cell (marked by a small arrow) has clearly grown in size.Experimental Procedures
Yeast Strain and Growth Conditions
Cryptococcus neoformans strain JEC21 was grown overnight in YPG
medium (1% yeast extract, 1% peptone, and 2% glucose) with 50 mg/ml ampicillin at 25C with shaking. To avoid yeast clumps, we vigor-
ously shook the fungal suspensions and allowed them to sediment
briefly before use. The top suspension, containing mostly individual
yeast cells,was then used. Forexperiments with heat-killedC.neofor-
mans, overnight cultures were killed by incubating at 55C for 30 min.Figure 2. The Distribution of Expulsive
Events over the Course of the Time-Lapse
Recordings
Data are pooled from all time-lapse record-
ings (15 independent experiments) of J774
macrophages (11 experiments, 1506 cells,
and 179 with internalized C. neoformans)
and human primary macrophages (4 experi-
ments, 661 cells, and 177 with internalized
C. neoformans). Although the rate of crypto-
coccal expulsion is higher in primary macro-
phages than in J774 cells, the distribution of
expulsive events over the 10 hr of time-lapse
recording does not differ between these cell
types (p > 0.2, two-tailed Student’s t test).
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J774 cells were grown at 37C in 5% CO2 in DMEM with 10% heat-
inactivated FBS, 2 mM L-glutamine, 100 units/ml penicillin, and
100 mg/ml streptomycin. The cell line was used between five and
20 passages after thawing.
Human primary blood macrophage cells (PBMC) were prepared
as described previously [20] and resuspended at 6 3 106 cells/ml
in RPMI 1640 medium containing 2% pooled AB+ male human serum
and 2 mM L-glutamine. The PBMC were then seeded into 175 cm tis-
sue-culture flasks. Nonadherent cells were removed by extensive
washes with PBS, and adherent monocytes were incubated over-
night in RPMI medium + 5% human serum supplemented with
GM-CSF (100 IU/ml). After overnight incubation, adherent cells
were removed from flasks by incubation on ice in prechilled PBS
and cultured for 4-5 days in RPMI + 5% human serum and GM-CSF
(100 IU/ml). The cells were adjusted to 1 3 106 cells/ml and then ali-
quoted into 3 cm plastic Petri dishes in 3 ml cultures. The cell media
was replenished on days 3 and 5 and yielded adherent, confluent
macrophage cultures at day 7. When required, the macrophages
were activated with LPS (1 mg/ml) and IFNg (1000 IU/ml), which
were added to the culture dishes 24 hr prior to infection with
C. neoformans.
Phagocytosis Assay
J774 cells (6 3 105) were plated into a 35 mm tissue-culture-treated
plate 16–24 hr before the assay. Shortly before use, cells were incu-
bated for 1 hr in serum-free DMEM medium (Complete DMEM
medium without heat-inactivated FBS) containing 150 ng/ml PMA.
Similarly, the primary macrophage cells (which have been activated
with LPS and IFNg) were incubated for 1 hr in serum-free DMEM
medium.
At the same time, C. neoformans cells were washed three times
with phosphate-buffered saline (PBS [pH 7.2]) and counted in a hae-
mocytometer. For experiments with opsonized C. neoformans, both
live and heat-killed fungal cells were incubated with 10 mg/ml of the
monoclonal antibody 18B7 (a kind gift of Arturo Casadevall) or fresh
human serum at 37C for 1 hr. For nonopsonized C. neoformans and
latex beads, mAb18B7 was replaced with water.
For commencement of the assay, the medium containing PMA
was removed and replaced by normal serum-free medium contain-
ing C. neoformans at a ratio of ten yeast cells per macrophage.
We allowed phagocytosis to proceed for 2 hr at 37C in a 5% CO2
atmosphere. We then removed noninternalized yeast cells by three
successive washes with serum-free medium and maintained cells
in serum-free medium with 25 mM HEPES for time-lapse imaging.
For experiments with drugs for disrupting phagosome maturation,
100 nM concanamycin A was added during the onset of phagocyto-
sis (because this drug inhibits phagocytosis if it is added before
phagocytosis commences), whereas 10 mM chloroquine was added
1 hr prior the onset of phagocytosis. Both drugs remained in the
culture medium throughout the time-lapse imaging. For experiments
with cytochalasin D for blocking actin polymerization, this drug was
added to the culture medium immediately before commencing
imaging, as described in the legends for the Supplemental Movies.
Image Capture and Analysis
Cells were maintained at 37C with a temperature-controlled cham-
ber (Solent Scientific) and imaged on a Zeiss Axiovert 100 inverted
microscope with a 323 dry objective lens. Time-lapse movies
were made with OpenLab (Improvision), capturing one frame every
60–90 s for 10 hr on a QICAM camera. The cell number, phagocytosis
rate, intracellular proliferation rate, and the occurrence and timing of
expulsive events were scored manually by eye. All experiments were
repeated three or more times on different days with independent
cultures of macrophages and C. neoformans JEC21.
For producing Figure 2 and the Supplemental Movies, the original
time-lapse movie was decompiled into individual TIFF images with
ImageJ (http://rsb.info.nih.gov/ij/). These were then cropped to the
region of interest and sharpened. A semiopaque mask and arrow
were added to the first frame (to indicate the cell of interest) with
Adobe Photoshop 7.0 before the TIFF image stack was recompiled
into a Quicktime movie with ImageJ. For producing Figure 1, se-
lected TIFF images from the movie were compiled and annotated
with arrows with Adobe Illustrator 10.Supplemental Data
Supplemental Data include four movies and can be found with this
article online at http://www.current-biology.com/cgi/content/full/
16/21/2156/DC1/.
Acknowledgments
We would like to thank Arturo Casadevall for generously providing
us with the 18B7 antibody and Laura M. Machesky and Simon John-
ston for making the time-lapse experiments possible.
Received: May 11, 2006
Revised: September 5, 2006
Accepted: September 5, 2006
Published: November 6, 2006
References
1. Greenberg, S., and Grinstein, S. (2002). Phagocytosis and innate
immunity. Curr. Opin. Immunol. 14, 136–145.
2. Cossart, P., and Sansonetti, P.J. (2004). Bacterial invasion: The
paradigms of enteroinvasive pathogens. Science 304, 242–248.
3. Nguyen, L., and Pieters, J. (2005). The Trojan horse: Survival
tactics of pathogenic mycobacteria in macrophages. Trends
Cell Biol. 15, 269–276.
4. Yates, R.M., Hermetter, A., and Russell, D.G. (2005). The kinetics
of phagosome maturation as a function of phagosome/lyso-
some fusion and acquisition of hydrolytic activity. Traffic 6,
412–420.
5. Levitz, S.M., Harrison, T.S., Tabuni, A., and Liu, X. (1997). Chlo-
roquine induces human mononuclear phagocytes to inhibit and
kill Cryptococcus neoformans by a mechanism independent of
iron deprivation. J. Clin. Invest. 100, 1640–1646.
6. Fadok, V.A. (1999). Clearance: the last and often forgotten stage
of apoptosis. J. Mammary Gland Biol. Neoplasia 4, 203–211.
7. Mitchell, T.G., and Perfect, J.R. (1995). Cryptococcosis in the era
of AIDS–100 years after the discovery of Cryptococcus neofor-
mans. Clin. Microbiol. Rev. 8, 515–548.
8. Luberto, C., Martinez-Marino, B., Taraskiewicz, D., Balanos, B.,
Chitano, P., Toffaletti, D.L., Cox, G.M., Perfect, J.R., Hannun,
Y.A., Balish, E., et al. (2003). Identification of App1 as a regulator
of phagocytosis and virulence of Cryptococcus neoformans.
J. Clin. Invest. 112, 1080–1094.
9. Chretien, F., Lortholary, O., Kansau, I., Neuville, S., Gray, F., and
Dromer, F. (2002). Pathogenesis of cerebral Cryptococcus neo-
formans infection after fungemia. J. Infect. Dis. 186, 522–530.
10. Feldmesser, M., Kress, Y., Novikoff, P., and Casadevall, A.
(2000). Cryptococcus neoformans is a facultative intracellular
pathogen in murine pulmonary infection. Infect. Immun. 68,
4225–4237.
11. Feldmesser, M., Tucker, S., and Casadevall, A. (2001). Intracellu-
lar parasitism of macrophages by Cryptococcus neoformans.
Trends Microbiol. 9, 273–278.
12. Tucker, S.C., and Casadevall, A. (2002). Replication of Crypto-
coccus neoformans in macrophages is accompanied by phago-
somal permeabilization and accumulation of vesicles containing
polysaccharide in the cytoplasm. Proc. Natl. Acad. Sci. USA 99,
3165–3170.
13. Lee, S.C., Kress, Y., Zhao, M.L., Dickson, D.W., and Casadevall,
A. (1995). Cryptococcus neoformans survive and replicate in
human microglia. Lab. Invest. 73, 871–879.
14. Levitz, S.M., Nong, S., Seetoo, K.F., Harrison, T., Speizer, R.A.,
and Simon, E. (1999). Cryptococcus neoformans resides in an
acidic phagocytosome of human macrophages. Infect. Immun.
67, 885–890.
15. Drose, S., and Altendorf, K. (1997). Bafilomycins and concana-
mycins as inhibitors of V-ATPases and P-ATPases. J. Exp. Biol.
200, 1–8.
16. Weber, S.M., Levitz, S.M., and Harrison, T.S. (2000). Chloroquine
and the fungal phagosome. Curr. Opin. Microbiol. 3, 349–353.
17. Chang, Y.C., Stins, M.F., McCaffery, M.J., Miller, G.F., Pare,
D.R., Dam, T., Paul-Satyasee, M., Kim, K.S., and Kwon-Chung,
K.J. (2004). Cryptococcal yeast cells invade the central nervous
Current Biology
2160system via transcellular penetration of the blood-brain barrier.
Infect. Immun. 72, 4985–4995.
18. Clarke, M., Kohler, J., Arana, Q., Liu, T., Heuser, J., and Ger-
isch, G. (2002). Dynamics of the vacuolar H(+)-ATPase in the
contractile vacuole complex and the endosomal pathway of
Dictyostelium cells. J. Cell Sci. 115, 2893–2905.
19. Pelchen-Matthews, A., Raposo, G., and Marsh, M. (2004). Endo-
somes, exosomes and Trojan viruses. Trends Microbiol. 12,
310–316.
20. Fazal, N., Lammas, D.A., Rahelu, M., Pithie, A.D., Gaston, J.S.,
and Kumararatne, D.S. (1995). Lysis of human macrophages
by CD4+ T cells fails to affect survival of intracellular Mycobacte-
rium bovis-Bacille Calmette-Guerin (BCG). Clin. Exp. Immunol.
99, 82–89.
21. Kozel, T.R., and Gotschlich, E.C. (1982). The capsule of Crypto-
coccus neoformans passively inhibits phagocytosis of the yeast
by macrophages. J. Immunol. 129, 1675–1680.
